We tested the association of common events in drinking water distribution systems with contamination of household tap water with human enteric viruses. Viruses were enumerated by qPCR in the tap water of 14 municipal systems that use non-disinfected groundwater. Ultraviolet disinfection was installed at all active wellheads to reduce virus contributions from groundwater to the distribution systems. As no residual disinfectant was added to the water, any increase in virus levels measured downstream at household taps would be indicative of distribution system intrusions. Utility operators reported events through written questionnaires. Virus outcome measures were related to distribution system events using binomial and gamma regression. Virus concentrations were elevated in the wells, reduced or eliminated by ultraviolet disinfection, and elevated again in distribution systems, showing that viruses were, indeed, directly entering the systems. Pipe installation was significantly associated with higher virus levels, whereas hydrant flushing was significantly associated with lower virus levels. Weak positive associations were observed for water tower maintenance, valve exercising, and cutting open a water main. Coliform bacteria detections from routine monitoring were not associated with viruses. Understanding when distribution systems are most vulnerable to virus contamination, and taking precautionary measures, will ensure delivery of safe drinking water.
INTRODUCTION
Drinking water distribution systems require a number of operational and maintenance practices and repairs to maintain system integrity and preserve water quality. For example, flushing sections of the distribution system is a common method to eliminate particulate and soft deposits and reduce odor, taste, and turbidity issues (National Research Council ) as well as reduce heterotrophic bacteria counts (Lehtola et al. ) . Finished water storage facilities such as water towers are periodically inspected and cleaned, and valves are routinely exercised (i.e. opened and closed) to ensure they are operational. Repairs for water main breaks happen between 75,000 and 240,000 times per year in the causing transient low or negative pressures (Kirmeyer et al. ) . In a simulation study conducted on three different distribution systems, up to 30% of system nodes experienced negative pressure after events such as main breaks or the use of hydrants to suppress fires (Kirmeyer et al. ) .
When water pressure inside the pipe is lower than the outside pressure, liquid and soil material surrounding the pipe can enter the system by suction or gravity through openings, such as cracks or non-sealing joints (Karim et al. ; LeChevallier et al. ; Gullick et al. ) . Leaks in municipal distribution systems in the USA account for more than 10% of finished water losses, evidence of the extensive occurrence of such intrusion routes (Kirmeyer et al. ) . Water distribution system pipes are often laid near wastewater pipes, which may leak fecal wastes containing pathogens into the nearby soil. Karim et al. () analyzed soil and water samples collected next to drinking water pipes from 32 sites from eight utilities in six states:
18 sites (56.2%) were positive by cell culture or reverse transcription -polymerase chain reaction (RT-PCR) for enteroviruses, hepatitis A virus, or norovirus. Other studies also detected bacterial indicators of fecal contamination in soil and water surrounding drinking water pipes, as well as water present in air-valve vaults (Besner et al. ) .
During low or negative pressure events, non-potable water can also enter the system through unprotected cross-connec-
tions (US Environmental Protection Agency ).
Guidelines are available to prevent contamination from low or negative pressure events (Boulos et al. ) , although no specific practice in the USA is enforced by regulation.
Once contaminants are introduced into the distribution system, they may be bound or entrained in the biofilm that commonly grows on the pipe surface (Storey & Ashbolt ) , and subsequently released during events such as valve exercising or hydrant flushing.
In the USA, disease outbreaks associated with distri- Sporadic illnesses have also been linked with distribution system performance. Nygård et al. () , in a cohort study of drinking water consumers in Norway, found that households exposed to water downstream from a distribution system main break or maintenance were 1.6 times more likely to report gastrointestinal illness than households that were not hydraulically downstream from the distribution system event. Hunter et al. () in a subanalysis of controls from a case-control study determined there was a strong association between diarrheal illnesses in the control subjects and low water pressure at their home faucets. Tinker et al. () observed a slight increase in hospital visits for acute gastrointestinal illness (AGI) in districts consuming water with a longer residence time in the municipal distribution system. In a prospective intervention trial, Payment et al. () suggested that pathogen intrusions into the distribution system could be responsible for the higher rates of enteric illness observed in the study group drinking tap water, compared with the group drinking finished municipal water bottled at the treatment plant. All these studies provide epidemiological evidence of a link between distribution system events and endemic illness, but they do not directly investigate the 'intermediate link', i.e. the occurrence of the direct causative agent of disease in the water. Only a recent study by Besner et al. () observed a correlation between some distribution system operation and maintenance activities and microbial water quality as indicated by coliform bacteria.
In the present study we assessed whether the detection and concentration of human enteric viruses, the etiologic agents of AGI as well as other more severe diseases, in household tap water are associated with the occurrence of common distribution system events.
METHODS

Study communities
Fourteen rural Wisconsin communities relying on nondisinfected groundwater to supply their municipal water systems were studied. Characteristics of the water systems are reported in Table 1 . The basic hydraulics of the water systems were identical; groundwater was pumped directly into the distribution system with excess water stored in one to three elevated towers that gravity-fed the system when the pumps were off.
Experimental design
This study was part of the larger Water and Health Trial for Enteric Risk (WAHTER), an epidemiological study designed to estimate the proportion of AGI attributable to pathogen contamination of groundwater sources versus contamination occurring in distribution systems. The study was designed as a community-randomized trial with cross-over intervention.
During the first year, eight communities received ultraviolet (UV) light disinfection (WEDECO, Charlotte, NC, USA) at all active wells supplying the municipal system, while six communities continued to use untreated water. In the second year, UV intervention was switched to the latter group of communities. The minimum UV dose applied was 50 mJ/cm 2 . In each community, human enteric viruses were measured once a month by reverse transcriptionquantitative polymerase chain reaction (qRT-PCR) in the wells immediately before and after UV disinfection and at household taps in the distribution systems. Because these communities do not chlorinate and UV disinfection does not leave a residual, viruses were reduced or eliminated at the groundwater source, but not downstream in the distribution system. Therefore, any increase in virus concentration at the household taps downstream from UV disinfection at the wellheads represents virus intrusion into the distribution system. To use this rationale to achieve the study objective, only data collected during the UV interven- 
Statistical analysis
One community (ID #8) had recurring coliform contamination problems in its distribution system and chlorinated for the entire study duration. This community was excluded from analysis because the residual disinfectant obviated the effect of the UV intervention to isolate distribution system Distribution system events were treated as dichotomous (no event vs. event occurring once or more) with the exception of 'hydrant flushing', which was also treated as a continuous variable and expressed in units of number of days when flushing occurred. Events were counted as distinct when separated by at least one non-event day. Random effects for community and sampling period were included in the models when analyzing data aggregated over 3-month sampling periods. A random effect for year was inserted for analyses where the data were aggregated at the level of the year within each community.
All models included fixed effects for a single type of distribution system event and chlorination status. Chlorination status was incorporated in the models to adjust for the potential confounding effect of chlorination on the association between viruses and distribution system events, and was characterized as a dichotomous variable indicating whether distribution system events overlapped with periods of chlorination. Five distribution system events took place while a distribution system was temporarily undergoing chlorination. Whenever an event overlapped with chlorination, it was the only event of that type occurring in the considered time period; hence the summary data point for the period could be unequivocally labeled as 'overlapping with chlorination' or not. A separate unadjusted analysis was also carried out considering chlorination as the independent variable (no chlorination event vs.
chlorination occurring once or more). When computing adjusted estimates of a dependent variable for a given value of a distribution system event variable, the weights for the chlorination status regression coefficients were set to the marginal proportions in the source data. All analyses were performed using SAS 9.2 (SAS Institute Inc., Cary, NC, USA).
RESULTS
Most of the time in the communities, mean virus concentrations were highest in the wells, reduced one to six logs by UV disinfection, and then increased in the distribution system ( Figure 1 ). This concentration increase downstream from UV disinfection demonstrated that viruses were Considering all communities and periods combined, the mean virus concentration was highest in the wells, reduced two-logs by UV disinfection, and increased one-log in the distribution systems (Table 2) . A similar pattern was observed for the detection frequency of all-viruses and each virus type; detection was highest in the wells, lowest post-UV disinfection, and increased again in the distribution systems but not to as high a frequency as in the wells (Table 2) . Adenovirus was the most frequently detected virus followed by enterovirus and norovirus genogroup I.
Of the 18 post-UV samples that were virus-positive, 17 contained adenoviruses, the virus most resistant to UV disinfection (Yates et al. ) , and the majority of these occurred in Period 4, the time when the change in virus concentration between post-UV and distribution system in several communities was small (Figure 1 ).
Of the 12 types of distribution system events queried in the questionnaire 10 occurred during the study, and these are reported as the number of communities experiencing events (Table 3 (a)) and the number of events across all communities (Table 3 (b)). All 13 communities experienced at least one type of event (11 communities experienced events other than hydrant flushing). Two event types queried in the questionnaire never took place during the study and are not reported in Table 3 ; no routine monitoring samples were found positive for E. coli, and no crossconnections were discovered. Five communities had short-term chlorination on eight occasions for emergency reasons (main breaks and routine samples positive for total coliforms) or as a preventive measure during routine maintenance (valve exercising and water tower maintenance).
Of the different event types investigated, adding pipes to the distribution system was the most highly associated with increased virus concentrations, and this association was observed both for data aggregated by 3-month sampling period and by year (Tables 4 and 5 ). Replacing pipes was not significantly associated with increased virus levels, likely because such events were infrequent. However, when the two similar event types were combined into a single variable, 'pipe replaced or added', this event, too, was significantly associated with higher virus concentrations. The proportion of virus-positive samples did increase when pipes were added or replaced, but the associations were not significant (Tables 4 and 5) . (Table 4) .
Whether hydrant flushing was performed or not (dichotomous variable) was not associated with virus levels.
However, the extent of hydrant flushing, expressed in units of days when flushing was performed, was highly significantly associated with reduced virus concentrations when data were analyzed over both sampling periods and study years (Tables 4 and 5 ). Similarly, the proportion of virus-positive samples was weakly negatively associated with days of hydrant flushing when the data were aggregated by year.
Other events were only weakly associated with virus contamination. Water tower maintenance was weakly associated with both the proportion of positive samples and the mean virus concentration over the time frame of sampling periods (Table 4) . Valve exercising was weakly associated with mean virus concentration only when data was aggregated at the level of year (Table 5 ). The event of a well shut-down for maintenance or repairs was marginally significantly associated with lower virus concentrations, although only when aggregating data by study year (Table 5) .
Chlorination events, treated as a dichotomous independent variable, were not associated with either the proportion of positive samples or the mean virus concentration. Furthermore, coliform bacteria detections from routine monitoring were not associated with either of the virus outcome measures. a These data were used in the regression analyses (i.e. an event occurred, yes or no, in the distribution system during the considered time period). b The total by sampling period can be greater than the total by sampling year because an event only need occur once to be scored and there are two sample periods within one sample year. c The total number of distribution systems was 13: 7 study communities were considered in year 1 (periods 1 and 2), and 6 communities in year 2 (periods 3 and 4).
DISCUSSION
The occurrence of transient negative pressures in distribution systems (Kirmeyer et al. ) , the presence of pathogens in the trench material surrounding underground distribution system pipes (Karim et al. ) , the contribution of distribution system events to coliform-positive samples (Besner et al. ) , and the association of The drinking water systems considered in this study, serving populations between 1,000 and 8,000 inhabitants and using groundwater sources, are common in the US. Systems serving less than 10,000 inhabitants constitute 92% of all community water systems, while 78% of community water systems rely on groundwater (US Environmental Protection Agency ). The study utilities did not apply any disinfection treatment prior to water distribution, which is not an uncommon practice in the USA as 10% of the US population served by community groundwater systems receives non-disinfected water, while 57% receives water that is either nondisinfected or treated with a method that achieves less than a 4-Log reduction in viruses (US Environmental Protection Agency ). Also, the study communities are typical in their microbial contamination levels, presenting a frequency 
CONCLUSIONS
While many events associated with the maintenance and repair of drinking water distribution systems may contribute to virus contamination, not all events pose the same risk.
The addition of pipe was found to be significantly associated with an increase in virus concentration in drinking water distribution systems. Conversely, the frequency of hydrant flushing was found to be significantly associated with the reduction of virus concentration in drinking water distribution systems. As small systems relying on groundwater are the most common type of community water systems in the US, these findings are pertinent to a large portion of the national water infrastructure. Moreover, since US water systems are aging faster than they are upgraded and are approaching the end of their design life, the illness burden associated with the maintenance and repair of distribution systems may increase in the coming decades.
